M a N y M a r i N e s P e C i e s have small, pelagic early life stages. For those species, knowledge of population connectivity requires understanding the origin and trajectories of dispersing eggs and larvae among subpopulations. Researchers have used various terms to describe the movement of eggs and larvae in the marine environment, including larval dispersal, dispersion, drift, export, retention, and larval transport. Though these terms are intuitive and relevant for understanding the spatial dynamics of populations, some may be nonoperational (i.e., not measurable), and the variety of descriptors and approaches used makes studies difficult to compare. Furthermore, the assumptions that underlie some of these concepts are rarely identified and tested. Here, we describe two phenomenologically relevant concepts, larval transport and larval dispersal.
These concepts have corresponding operational definitions, are relevant to understanding population connectivity, and have a long history in the literature, although they are sometimes confused and used interchangeably. After defining and discussing larval transport and dispersal, we consider the relative importance of planktonic processes to the overall understanding and measurement of population connectivity. The ideas considered in this contribution are applicable to most benthic and pelagic species that undergo transformations among life stages. In this review, however, we focus on coastal and nearshore benthic invertebrates and fishes. currents (Nelson, 1912; Crisp, 1976) . To transfer from point x 1 ,y 1 to point x 2 ,y 2 , a larva can swim horizontally and may be transported by diffusive and advective processes (Scheltema, 1986) . Defined as the translocation of a larva between two points, larval transport appears deceptively simple. However, the wide range of larval behaviors and physical mechanisms, together with their variability at multiple scales, makes larval transport exceedingly difficult to measure. The temporal and spatial scales of variability are enormous (Scheltema, 1986) , even when considering a single physical transport mechanism (see Box 1).
In contrast, larval dispersal refers to the spread of larvae from a spawning source to a settlement site. This definition is consistent with the terrestrial literature (natal dispersal in Clobert et al., 2001; Begon et al., 2006 ) that describes seed dispersal as the probability density function of the number of seeds versus distance from the adult source (i.e., the dispersal kernel) (Nathan and Muller-Landau, 2000; see Gerrodette, 1981, for a rare marine example). Using the dispersal kernel, dispersal can be viewed as a probability that a released zygote will make it to settlement over ulations (see Cowen et al., this issue) and is thought to be a key process for population replenishment, genetics, spread of invasive species, and other phenomena (Cowen et al., 2006, this issue; Levin, 2006 l arVal tr aNsPort reconsideration of the scales of larval transport
The term larval transport brings to mind small, passive larvae being moved throughout the ocean by meso-and large-scale physical processes (Johnson, 1939) . This view has become a paradigm-larvae are released, transported by mesoscale processes, mixed in a larval pool, and then randomly recruited to juvenile or adult habitat (e.g., Roughgarden et al., 1988; Siegel et al., 2003) . An increasing number of studies, however, conclude that a significant amount of self-recruitment occurs in marine populations Almany et al., 2007) . These conclusions are not in and of themselves surprising: a population is defined as a self-sustaining component of a species, and thus self-recruitment is a defining attribute of a population (Sinclair, 1988) . What is surprising is the relatively small spatial scales over which self-recruitment has been observed. For example, despite a planktonic stage of 9-12 days, approximately 30% of settling panda clownfish self-recruited to an area of 0.5 km 2 . The implication of this and similar observations, combined with recent modeling and genetic studies (Cowen et al., 2000; Gerlach et al., 2007) The movement of larvae in internal bores is an example of the variety of spatial and temporal scales involved in larval transport. larval accumulation at surface-propagating convergences is critical for effective transport in internal bore warm fronts, and the time scales of these convergences are from a few seconds to a few hours. on the other hand, water-column stratification, a seasonal phenomenon, modulates the energy of internal bores and therefore also impacts larval transport (Pineda and lópez, 2002) . at even larger scales, stratification and internal bores are modulated by el Niño, an interannual phenomenon (Zimmerman and robertson, 1985) . Thus, temporal scales relevant for understanding larval transport by internal tidal bores range from seconds to years. other temporal scales important to internal tidal bore larval transport that are not depicted here include fortnightly periodicity (~ 14.4 days), and the periodicity of coastally trapped waves (a few weeks; Pineda and lópez, 2002) . in the literature, larval transport generally encompasses horizontal distances ranging from tens to hundreds of kilometers, a usage we follow in this contribution.
El Niño (several years) Seasonal stratification (months) Accumulation in internal tidal bore warm fronts (seconds to hours) and the constrained nearshore larval distributions of littoral species (Barnett and Jahn, 1987; Tapia and Pineda, 2007) , is that the spatial scales of larval transport may be much smaller than previously recognized. These results indicate that small-scale and nearshore physical processes play an important role in larval transport (Kingsford, 1990; Willis and Oliver, 1990; Pineda, 1999 1989). Salinity (Thièbaut et al., 1992) and water-column stratification (Pineda and López, 2002) contribute to larval transport because sharper stratification in shallow waters (e.g., Hickey, 1979) allows larvae of coastal species to exploit vertically sheared flow to control horizontal distributions (Paris and Cowen, 2004) , and internal motions such as internal tidal bores may transport larvae onshore. Surface waves that break near the shore produce some mass transport, and storm systems that originate in the deep ocean sometimes move onshore.
Flows in the nearshore are broken by coastline topographic features such as bays and capes, resulting in complex flows with smaller spatial coherence (see discussion in Okubo, 1994) . This is true for cross-shore coastal flows, whose coherence scales are much smaller than the alongshore coastal flows (Brink, 1999) . The relative importance of these processes varies with depth and distance from the shoreline (e.g., Lentz et al., 1999; Largier, 2003) .
Modulation of Nearshore
Cross-shore transport by large-scale Processes
Clearly meso-and large-scale processes affect larval transport, and most studies emphasize these effects. Large-scale physical processes also influence the smaller-scale processes discussed above. 
small-scale Processes and event-type larval transport
Spatial and temporal scales are linked in the ocean (Stommel, 1963) , so the importance of small-spatial-scale processes underscores the significance of . relationship between the spatial and temporal components of larval transport, larval dispersal, and reproductive population connectivity for a sessile species. survivorship is not depicted. Note that the sum of larval transport distances can be larger than the dispersal distance. White circles are locations in space with coordinates x-y at times t. all locations are pelagic except x o ,y 0 and x 4 and y 4 , which are benthic. Distance could also be represented in two dimensions (e.g., x,y as cross-and alongshore axes.)
small-temporal-scale processes to larval transport. Moreover, meso-and largescale processes can exhibit small-temporal-scale variability (Stommel, 1963) and be episodic (e.g., hurricanes). Larval settlement from the plankton for many marine organisms is episodic, and it is not uncommon to have the majority of a season's settlement occur in a handful of days Sponaugle et al., 2005) . 
Behavior and larval transport
As our appreciation of small-scale physical processes grows, so does our appreciation for the role of larval behavior in influencing larval transport. For many years, larvae were considered planktonic, that is, moving at the whim of ocean currents but using feeding and predator avoidance behaviors that resulted in small-scale (millimeters to centimeters) movements (Blaxter, 1969) . The view of passive larvae gave way to the concept that vertical swimming behavior, changes in buoyancy, and ontogenetic changes in vertical position influence the horizontal movement of larvae; this view was adopted early in estuarine and coastal lagoon systems (Nelson, 1912; Pritchard, 1953; Bousfield, 1955) and later in shelf and open-ocean systems (Kelly et al., 1982; Cowen et al., 1993) .
Additionally, the influence of larval settlement behavior on the specific location of settlement, at scales of meters to tens
Larval behavior Advection, diffusion Dispersal = ƒ(larval transport, survival, spawning and settlement)
Larval transport = ƒ(physical transport, larval behavior)
figure 2. The concepts of larval transport, larval dispersal, and reproductive population connectivity. Colors of arrows distinguish each concept. for example, the green arrow in the connectivity box means dispersal is involved in reproductive population connectivity.
Oceanography Vol. 20, No. 3 28 larval transport in nearshore and shelf species is often split into crossand alongshore components (e.g., hare et al., 1999; Ma and grassle, 2005) . This distinction follows a convention in coastal physical oceanography and is convenient because cross-and alongshore hydrodynamic processes have different temporal and spatial scales (Winant, 1983) , different physical processes dominate cross-and alongshore transport (e.g., Winant and Bratkovich, 1981) , and momentum balances in these two axes are accounted for by different terms (e.g., lentz et al., 1999).
also, plankton patches have widely different dimensions in the two axes (Mullin, 1993) . Because the strongest gradients in water properties and ecological variables are in the cross-shore dimension, transport on this axis has a disproportionately large effect on the distribution of larvae.
for nearshore species whose later developmental stages move progressively offshore with time, such as the southern California barnacle nauplii (tapia and , cross-shore transport is the most critical process, as older larvae tend to be farther away from the shore and must return nearshore to settle and reproduce. similarly, for species that move offshore to spawn but have nearshore settlement habitats, such as atlantic menhaden , larvae must move onshore to recruit to juvenile habitats. although cross-shelf transport is often emphasized in studies of larval transport, it is obvious that alongshore processes also play a role (hare et al., 1999) , particularly in population connectivity. Nearshore and coastal marine populations are generally arrayed along coasts, and the alongshore movement of larvae between these populations can keep these geographically isolated populations connected.
BoX 2. aloNg-aND Cross -shore PhysiCal tr aNsPort Pro Ce sse s of meters, was recognized as important (e.g., Crisp, 1976; Raimondi, 1991 (Stobutzki, 1997) . Similarly, larval lobsters and early pelagic stages of cephalopods are good swimmers (Villanueva et al., 1996; Jeffs and Holland, 2000) .
In combination with the capability to swim vertically and horizontally, larvae of both invertebrates and vertebrates can orient and potentially navigate over short (meter-to-kilometer) to long (10-to-100-km) distances, using light, sound, smell, and possibly magnetism, electric fields, and wave swell (e.g., Kingsford et al., 2002; Gerlach et al., 2007 
Challenges of adaptive sampling
It is unclear how much larval transport occurs during episodic events and how much occurs during "mean" condi- Adaptive sampling, defined as sampling in response to an event, is a solution to these dilemmas; it has been used successfully to sample hydrodynamics and larval distributions during transport by internal tidal bores (Pineda, 1994 (Pineda, , 1999 
Breaking the Behavioral Black Box
The incorporation of larval behavior fully into the larval transport equation requires several important advances. A U-shaped patchiness-at-age function has been described for the larval stages of several fish species, and this shape has been interpreted as initial diffusion with subsequent schooling (Matsuura and Hewitt, 1995) . In addition, larvae may remain in thin layers of food (Lasker, 1975) and reduce their diffusion owing to vertical differences in flow (shear diffusion (Warner, 1988) . Similarly, several fish species spawn in circular motions that may create hydrodynamic vortexes (Okubo, 1988; Heyman et al., 2005) . The influence of these small-scale events on larval dispersal over periods of weeks is unknown. On a larger scale, a number of motile species, including snappers, herring, and blue crabs, move to particular locations for spawning (Carr et al., 2004; Heyman et al., 2005) . In the temporal domain, many coral species participate in annual mass spawning events, with more than 60% of species spawning over the course of several days (Babcock et al., 1994) , and crabs and barnacles tend to release their larvae at certain phases of the tide or the day (Morgan, 1995; Macho et al., 2005) . While such spawning behaviors have long been thought to maximize larval survival (e.g., Hughes et al., 2000) , the overall effect of localized and punctuated spawning on larval dispersal is unclear.
Moreover, where individuals end their planktonic stage is also an important component of larval dispersal. Larval durations of some species are fixed while others are flexible (Pechenik, 1986; Cowen, 1991) . Some species have very narrow habitat requirements for the continuation of the life cycle, such as river mouths on isolated oceanic islands for some gobies, wave-beaten rocky points for gooseneck barnacles, and specific species of anemones for some reef fish (Radtke et al., 1988; Cruz, 2000; Jones et al., 2005) . Other species have broad habitat requirements such as eurytopic
Pachygrapsus crabs (Hiatt, 1948) (Hare et al., 1999; Paris et al., 2005) . How larvae transverse these last 10 km is unknown largely because of the exclusion of smaller-scale processes in models and the inability to include realistic behaviors (see above).
The dispersal kernel also is dependent on larval mortality. Most studies of larval dispersal, however, either do not consider larval mortality (Hare et al., 1999) , consider spatially homogenous mortality (Cowen et al., 2000) , or assume low mortality (Gaylord and Gaines, 2000) .
Modeling studies that assume low mortalities should be reconsidered in light of observed higher mortalities (e.g., Rumrill, 1990) ; use of high mortalities in dispersal models frequently yields lower maximum dispersal estimates than those obtained assuming low mortality (Cowen et al., 2000; Ellien et al., 2004; Tapia and Pineda, 2007) Larval duration also influences survival probability. Pelagic larval duration (PLD) must be correlated with the dispersal kernel for the simple reason that species with short PLD must have reduced larval transport and relatively "short" dispersal kernels; PLD is a constraining variable for dispersal. In contrast, long PLDs do not necessarily yield broad dispersal kernels, as larval behavior breaks the direct-proportional relationship between PLD and dispersal distance, both for fish and invertebrates (Sponaugle et al., 2002) . Of course, long PLD yields higher cumulative mortalities than short PLD when everything else is equal (i.e., same daily mortality for species with short and long PLD; see Hare and Cowen, 1997) . It is also unclear how variables influencing PLD, such as temperature and food (Scheltema and Williams, 1982) , may influence the dispersal kernel (see O'Connor et al., 2007, for model predictions). Thus, the relationship between PLD and dispersal is ambiguous except for species with very short larval durations (see discussion in Sponaugle et al., 2002) .
Dispersal estimates in the Coastal ocean
Given the complexity of larval dispersal, it is not surprising that measurement of a dispersal kernel in the marine environment is extraordinarily rare (Shanks et al., 2003) . Gerrodette (1981) Although dispersal kernels will eventually be fully quantified for some species in some systems, the measurement of these probability distributions in the marine environment will remain extremely rare.
It is easier to obtain dispersal kernels with models than with field measurements. Some models consider simpli- Studying dispersal is challenging, and for fish and invertebrate species with long and typical larval durations (i.e., about four weeks for temperate invertebrates; Levin and Bridges, 1995) , knowledge will be gained incrementally by using multiple approaches, including: (1) (Berkeley et al., 2004; McCormick, 2006 (Cushing, 1990; Baumann et al., 2006) . Encounter with oceanographic features such as fronts or mesoscale eddies can also influence food supply and exposure to predators (Grimes and Kingsford, 1996; Sponaugle and Pinkard, 2004) . Thus, a complex oceanographic environment coupled with variable egg quality at spawning results in a pool of larvae with variable traits (Jarrett, 2003; Lee et al., 2006; ).
Survival of pelagic larvae is typically nonrandom and proceeds according to three general concepts of the "growthmortality hypotheses" (reviewed in Anderson, 1988) . Theoretically, survivors should be those larvae that are larger at a given age ("bigger is better" hypothesis; Miller et al., 1988) , grow faster ("growthrate" hypothesis; Bailey and Houde, 1989) , and/or move through an early stage more rapidly ("stage-duration" hypothesis; Anderson, 1988 (Wilbur, 1980) , larval history is not erased and accompanies this transition (Pechenik et al., 1998 (Giménez and Anger, 2003) , and a short pelagic larval duration enables fish larvae to escape the predation in the plankton, but results in smaller settlers (e.g., , which in some cases may be more susceptible to predation (Anderson, 1988) . Most studies have focused on consequences to juveniles and somewhat less on the trade offs associated with conflicting constraints in complex life histories. in an experimental manipulation, however, adults that were larger as larvae had higher survival rates and produced larger larvae themselves than those that were smaller as larvae, although delaying metamorphosis erased this relationship (Marshall and Keough, 2006) . Optimal traits may vary with the environment encountered by the larval, juvenile, or adult stages, as evident for a snail (Moran and Emlet, 2001 ) and colonial ascidian (Podolsky and Moran, 2006) . In short, simply reaching a settlement site does not guarantee that larvae will possess the necessary traits to survive to reproduce.
PoPul atioN CoNNeCtiVity: re se arCh NeeDs
The fundamental challenge in population connectivity studies is to determine As there is ample evidence that larval growth and condition can influence performance in later stages, from a practical point of view we need more reliable measures of condition. The coarsest measures of condition often use size as a proxy (e.g., many invertebrates), while others measure organic (Jarrett, 2003) or lipid content (Hentschel and Emlet, 2000) , RNA/DNA ratios (Suthers et al., 1996; Lee et al., 2006) refereNCe s
